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T h i s paper d e a l s w i t h t h e e f f e c t o f s h a f t frequency on t h e performance o f a d y n a m i c a l l y loaded j o u r n a l b e a r i n g w i t h vapor c a v i t a t i o n . D e s p i t e t h e importance o f c a v i t a t i o n i n d y n a m i c a l l y loaded b e a r i n g s , v e r y l i t t l e work has been r e p o r t e d w h i c h f u l l y accounts f o r t h e f o r m a t i o n o f vapor c a v i t a t i o n .
Because o f t h e c o m p l e x i t y and t h e c o m p u t a t i o n a l requirements o f t h e p r o c e s s , most r e s e a r c h e r s a r e compelled t o assume t h a t I n a d y n a m i c a l l y loaded b e a r l n g t h e boundary c o n d i t i o n s remain s i m i l a r t o a s t e a d i l y loaded j o u r n a l b e a r i n g
( 1 )
. An e a r l i e r paper by Brewe ( 2 ) i l l u s t r a t e d some o f t h e consequences o f n o t t a k i n g f i l m r e f o r m a t i o n and t h e moving boundary i n t o account.
C a v i t a t i o n can m a n i f e s t i t s e l f i n t w o d i s t i n c t forms: gaseous c a v i t a t i o n and vaporous c a v i t a t i o n . Gaseous c a v i t a t i o n i s g e n e r a l l y seen i n a s t e a d i l y loaded j o u r n a l b e a r i n g . I t occurs i n l o w p r e s s u r e r e g i o n s o f t h e f l o w where t h e s a t u r a t i o n p r e s s u r e o f t h e f l u i d has been reached. T h i s f o r m o f c a v i t a t i o n i s b e n i g n t o b e a r i n g s u r f a c e damage ( 3 ) . I n c o n t r a s t , vaporous c a v i t a t i o n n o r m a l l y o c c u r s i n d y n a m i c a l l y loaded b e a r i n g s and i s r e s p o n s i b l e f o r p h y s i c a l damage t o t h e b e a r i n g s u r f a c e s as a r e s u l t o f t h e c o l l a p s e o f t h e vaporous c a v i t i e s on t h e s u r f a c e s . Jacobson and Hamrock ( 4 , 5 ) recorded t h e appearance of vapor c a v i t a t i o n i n a d y n a m i c a l l y loaded j o u r n a l b e a r i n g f o r t h e f i r s t t i m e by u s i n g high-speed photography. More r e c e n t l y , W a l t o n e t a l . have used high-speed photography t o observe c a v i t a t i o n i n s q u e e z e -f i l m dampers.
( " E x p e r i m e n t a l O b s e r v a t i o n o f C a v i t a t i n g Squeeze F i l m Dampers" p r e s e n t e d a t t h e 1986 ASME/ASLE T r i b o l o g y Conference, O c t . 20-22, 1986, P i t t s b u r g h , P A . To be p u b l i s h e d i n J o u r n a l o f T r i b o l o g y , ASME.) F u r t h e r , c a v i t a t i o n p l a y s an i m p o r t a n t r o l e i n t h e s t a b i l i t y o f r o t a t i n g machinery. A p r e v i o u s i n v e s t i g a t i o n by Brewe ( 2 ) v e r i f l e d t h a t c a v i t a t i o n can g e n e r a t e some l o a d c a p a c i t y and should n o t be t a k e n l i g h t l y i n t h e o r e t i c a l s t u d i e s . T h e r e f o r e , i t i s i m p o r t a n t t o f u r t h e r s t u d y t h e e f f e c t o f c a v i t a t i o n on t h e performance o f t h e b e a r i n g .
T h i s s t u d y c e n t e r s on t h e t h e o r e t i c a l i n v e s t i g a t l o n o f t h e performance o f t h e b e a r i n g w i t h p a r t i c u l a r a t t e n t i o n t o c a v i t a t i o n e f f e c t s . The c a v i t a t i o n a l g o r i t h m used i s based on t h e mass c o n s e r v a t i o n t h r o u g h o u t t h e e n t i r e f l o w r e g i o n . i . e . , e e = PC I t f o l l o w s t h a t i n t h e c a v i t a t i o n r e g i o n e < 1.0 and i n t h e f u l l -f i l m r e g i o n e > 1.0. A s w i t c h f u n c t l o n g was d e f i n e d as "on" ( g = 7 ) and ''off" ( g = 0) i n t h e f u l l -f i l m and c a v i t a t i o n r e g i o n s r e s p e c t i v e l y . By u s i n g t h i s p r o p e r t y , a u n i v e r s a l Reynolds e q u a t i o n was d e f i n e d as i n d l c a t e d :
where r e p r e s e n t s t h e l i n e a l mass f l u x and i s g i v e n by I n t h e c a v i t a t i o n r e g i o n , t h e second t e r m vanishes s i n c e g = 0. T h i s e q u a t i o n was i n t e g r a t e d I n t i m e by u s i n g an E u l e r ' s method t o advance i n t i m e . A t e v e r y t i m e s t e p t h e d i f f e r e n c e e q u a t i o n was s o l v e d by an a l t e r n a t i n g was p i l i n g up a t t h e boundary. This was due t o an i n h e r e n t t i m e l a g o f t h e s w i t c h f u n c t i o n w i t h t h e c a l c u l a t i o n . Consequently, t h e s w i t c h f u n c t i o n was i m m e d i a t e l y updated t o accommodate the movement of t h e boundary, and t h e c a l c u l a t i o n was r e i t e r a t e d .
The r e s u l t s o f t h e program developed were a u t h e n t i c a t e d by comparison t o an experiment of R e f . ( 4 ) . When compared t o t h e pseudo-GUmbel boundary c o n d i t i o n s ( 2 ) , t h e r e s u l t s p r e d i c t e d a s i g n i f i c a n t d i f f e r e n c e i n t h e computed l o a d c a p a c i t y ( u p t o 20 p e r c e n t ) . Furthermore, i t was found t h a t t h e s i z e , l i f e , and l o c a t i o n o f t h e c a v i t a t i o n b u b b l e were c o n s i d e r a b l y a f f e c t e d by i m p o s i n g t h e pseudo-Gijmbel boundary c o n d i t i o n s . F l u i d V e l o c i t y Under Dynamic Loading
Consider t h e b e a r i n g geometry shown i n F i g . 1. A s shown, t h e minimum--film t h i c k n e s s r o t a t e s c l o c k w i s e around t h e b e a r i n g a t a w h i r l f r e q u e n c y o f y .
Jacobson and Hamrock ( 5 ) show t h a t f r o m t h i s diagram y can be e v a l u a t e d s i n ( wd t ) y = t a n s o t h a t c31
The t o t a l e c c e n t r i c i t y e d e f i n e d as t h e i n s t a n t a n e o u s d i s t a n c e between Ob and 0 i s :
The f i l m t h i c k n e s s i s , t h e r e f o r e , d e f i n e d as f o l l o w s :
The s l i d i n g v e l o c i t y o f t h e j o u r n a l i s
T e s t B e a r i n g
The b e a r i n g s i m u l a t e d i n t h i s s t u d y i s based on an e x p e r i m e n t a l s t u d y of a j o u r n a l b e a r i n g submerged i n Dexron l u b r i c a n t ( 4 ) .
The j o u r n a l r o t a t e d a b o u t i t s own f i x e d c e n t e r w h l l e t h e b e a r i n g v i b r a t e d i n a noncentered c i r c u l a r m o t i o n k e e p i n g t h e axes o f v i b r a t i o n p a r a l l e l t o t h a t o f r o t a t i o n .
Note t h a t t h e r e a r e two t i m e s c a l e s i n t h i s problem: one, T i s a s s o c i a t e d w i t h t h e s p i n o f t h e j o u r n a l about i t s own c e n t e r ; t h e o t h e r , T~, i s a s s o c i a t e d w l t h t h e t r a n s l a t i o n a l m o t i o n o f t h e j o u r n a l c e n t e r about a f i x e d p o i n t . The r a t i o o f t h e s e t i m e s c a l e s squeeze a c t i o n t a k i n g p l a c e . T h i s range v a r i e d f r o m 0.00 t o 1 . 1 3 i n t h i s s t u d y . The d a t a used i n t h e s i m u l a t i o n a r e summarized i n T a b l e 1 .
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T~/ T~ i s , i n some sense, a measure of wedge t o RtSULTS AND DlSCUSSION t f f e c t ol S h a f t Frequency on C a v l t a t i o n l d b l e 7 l i s t s t h e v a r i o u s s h a f t f r e q u e n c i e s r u n i n t h i s a n a l y s i s and i n d i c a t e s t h e e f f e c t t h e y had on c a v i t a t i o n . The times l i s t e d i n t h e t a b l e a r e r e l a t i v e t o t h e s t a r t o f t h e o r b l t . The p e r i o d f o r t h e noncentered s h a f t w h i r l was 67.78 ms f o r each case. C a v i t a t i o n p e r s i s t e d f o r a l o n g e r p e r i o d of t i m e i n t h e case o f t h e s q u e e z e -f i l m damper ( i . e . , 48.91 ms) t h a n i n t h e o t h e r cases l i s t e d . The b u b b l e l i f e decreased w i t h i n c r e a s i n g s h a f t frequency. The c a v i t a t i o n d e s i n e n c e ( b u b b l e c o l l a p s e ) was weakly a f f e c t e d by s h a f t f r e q u e n c y . I n each f i g u r e , p a r t ( a ) i l l u s t r a t e s t h e s t a r t i n g p o s i t i o n ( i . e . E = 0 . 1 ) . P a r t s ( a ) t o ( f ) d e p i c t s e v e r a l key events i n t h e c l o c k w i s e c i r c u l a r m o t i o n o f t h e j o u r n a l c e n t e r w i t h i n t h e b e a r i n g . 
However, as t h e s h a f t frequency was i n c r e a s e d t h e c a v i t a t i o n i n c e p t i o n was d e l a y e d which gave r i s e t o a s h o r t e r b u b b l e l i f e . O r b i t a l P r e s s u r e and C a v i t a t l o n H i s t o r y F i g u r e s 2 and 3 i l l u s t r a t e t h e r e s p o n d i n g p r e s s u r e v a r i a t i o n t o t h e m o t i o n o f t h e s h a f t u n d e r g o i n g noncentered c i r c u l a r w h i r l f o r two c o n t r a s t i n g
S S
F i g u r e 2 ( a ) r e p r e s e n t s t h e p o s i t i o n o f t h e j o u r n a l w i t h i n t h e h o u s i n g and t h e a s s o c i a t e d p r e s s u r e d i s t r i b u t i o n a t t h e i n s t a n t t h a t t h e e c c e n t r i c i t y i
3 , ( n e a r l y o n e -e i g h t h o f a r e v o l u t i o n ) . W h i l e t h e e c c e n t r i c i t y i s i n c r e a s i n g , t h e minimum f i l m i s d e c r e a s
i n g w h i c h g i v e s r i s e t o t h e squeeze a c f i o n i n t h e v i c i n i t y o f t h e mlnimum-film l i n e .
A s l l g h t r i s e i n t h e p r e s s u r e f i e l d can be observed t h e r e . Note i n F i g .
( b )
t h a t t h e vapor bubble has c o l l a p s e d f a r t h e r downstream f r o m i t s p o s i t i o n i n F i g . 2 ( a ) . I t i s l o c a t e d c l o s e r t o t h e p o s i t i o n o f maximum-film t h i c k n e s s . C a v i t a t i o n i s a b s e n t f r o m F i g . 2 ( b ) t o ( c ) . I n F i g . 2 ( c ) , a new c a v i t a t i o n b u b b l e appears, and t h e p r e s s u r e g e n e r a t i o n i n t h e r e g i o n o f t h e m i n i m u m -f i l m l i n e becomes s i g n i f i c a n t l y l a r g e because o f t h e squeeze and wedge e f f e c t s t a k i n g p l a c e t h e r e . F l g u r e 2 ( d ) r e p r e s e n t s t h e c o n f i g u r a t i o n o f t h e b e a r i n g when t h e maximum p r e s s u r e o c c u r s . Note t h a t t h i s happens 5.3 ms b e f o r e t h e maximum e c c e n t r i c i t y i s reached because o f t h e m o t
i o n o f t h e s h a f t [ F I g . 4 ( a ) ] . A s t h e j o u r n a l approaches t h e end o f t h e squeeze c y c l e and b e g i n s t o s e p a r a t e f r o m t h e s h a f t , t h e s l i d i n g v e l o c i t y approaches a minimum v a l u e and
t h e squeeze v e l o c i t y passes t h r o u g h z e r o . The e f f e c t o f t h i s on t h e p r e s s u r e s more t h a n o f f s e t s any i n c r e a s e i n p r e s s u r e t h a t would have been r e a l i z e d because o f t h e s m a l l e r m i n i m u m -f i l m t h i c k n e s s .
F i g u r e 2 ( e ) r e p r e s e n t s t h e end o f t h e squeeze c y c l e and t h e b e g i n n i n g o f t h e s e p a r a t i o n c y c l e . Now t h e minimum f i l m b e g i n s t o i n c r e a s e which c r e a t e s a s u c t i o n e f f e c t , an accompanying g r o w t h i n t h e bubble, and a d i s s i p a t i o n o f t h e p r e s s u r e hump noted i n F i g . 2 ( f ) . I t i s i n t e r e s t i n g t o n o t e t h a t t h e e c c e n t r i c i t y i s t h e same (0.78) f o r F i g s . 2 ( d ) and ( f ) . The d r a s t i c d i f f e r e n c e i n t h e p r e s s u r e p l o t i s a r e s u l t o f t h e squeeze v e l o c i t y h a v i n g o p p o s i t e s i g n s i n t h e two s i t u a t i o n s . The m i n i m u m -f i l m t h i c k n e s s c o n t i n u e s t o i n c r e a s e as i t moves i n a c l o c k w i s e d i r e c t i o n . The r e p r e s e n t a t i o n shown i n F i g . 2 ( a ) i s r e p e a t e d as a r e t h e r e p r e s e n t a t i o n s f o r each succeeding o r b i t . I I
A v e r y s i g n i f i c a n t d i f f e r e n c e between F i g s .
( e ) and 3 ( d ) o c c u r s when t h e e c c e n t r i c i t y i s a maximum ( i . e . t = 0 . 8 0 ) . I n t h e case o f t h e s q u e e z e -f i l m 8 damper ( i -e . o = 0 ) , F i g . 2(e) I l l u s t r a t e s a s i z e a b l e p r e s s u r e b u i l d u p and a w e l l developed c a v i t a t i o n b u b b l e . However, f o r t h e case i n w h i c h w
= -104.29 r a d / s , F i g . 3 ( d ) shows no p r e s s u r e b u i l d u p o r c a v i t a t i o n . T h i s c o n d i t i o n a r i s e s because t h e n e t f l o w produced by t h e squeezing and s l i d i n g m o t i o n i s zero. The w h i r l frequency a t t h i s i n s t a n t i s equal t o one-half
t h e s h a f t f r e q u e n c y and i s commonly r e f e r r e d t o as t h e " h a l f -f r e q u e n c y w h i r l " c o n d i t i o n . 
Load as a F u n c t i o n o f S h a f t Frequency
S S
F i g u r e 5 ( d ) t o ( d ) i l l u s t r a t e s how t h e l o a d -c a r r y i n g c a p a c i t y v a r i e s as a f u n c t i o n o f t h e e c c e n t r i c i t y r a t i o f o r v a r i o u s s h a f t f r e q u e n c i e s o . A case r e p r e s e n t i n g a s q u e e z e -f i l m damper ( O = 0) i s shown i n F i g . 5 ( a ) . The l o a d v a r i a t i o n t h r o u g h one o r b i t o f c i r c u l a r w h i r l resembles a h y s t e r e s i s e f f e c t w h i c h i s due t o t h e o c c u r r e n c e o f c a v i t a t i o n i n t h e c y c l e ( 7 ) . T h i s e f f e c t i s p r e v a l e n t f o r a l l o f t h e s h a f t f r e q u e n c i e s s t u d i e d i n t h i s i n v e s t i g a t i o n .
For t h e p a r t i c u l a r cases s t u d i e d , i t can be s a i d t h a t i n c r e a s i n g t h e s h a f t f r e q u e n c y had l i t t l e e f f e c t on t h e o n s e t o f d e s i n a t i o n ( b u b b l e c o l l a p s e ) and t h e l o c a t i o n o f t h e peak l o a d ( v i z . F i g . 5 ) . However, t h e magnitude o f t h e peak l o a d decreased w i t h t h e i n c r e a s e i n t h e s h a f t f r e q u e n c y .
The v a r i a t i o n o f t h e shape o f the W--E c u r v e w i t h f r e q u e n c y i s i n t e r e s t i n g and w e l l w o r t h d i s c u s s i n g . The p o r t i o n o f t h e c y c l e b e g i n n i n g w i t h t h e squeeze m o t i o n t h r o u g h t h e peak p r e s s u r e [ F i g . 5 ( a ) t o ( d ) ] i s
e s s e n t i a l l y i n v a r i a n t w i t h t h e s h a f t f r e q u e n c y . But around t h e v i c i n i t y o f E = 0.8 where t h e s e p a r a t i o n occurs, t h e e f f e c t o f s h a f t f r e q u e n c y i s more a p p a r e n t . Here t h e W-E develops an i n c r e a s i n g l y s t e e p g r a d i e n t w i t h i n c r e a s i n g s h a f t f r e q u e n c y . 
( d ) ] t h e load c a p a c i t y vanishes c o m p l e t e l y when t h e w h i r l frequency ( + ) i s equal t o o n e -h a l f t h e s h a f t frequency. T h i s f r e q u e n c y can be p r e d i c t e d by examining e q u a t i o n [ 7 ] . The squeeze and s l i d i n g v e l o c i t y f o r t h i s case i s p l o t t e d i n F i g . 4 ( c ) .
I t may a l s o be n o t e d t h a t on t h e r e t u r n c y c l e ( F i g . 5 f r o m p o i n t f t o a ) t h e r e i s no a p p r e c i a b l e l o a d v a r i a t i o n where w = 0. A s t h e f r e q u e n c y
i n c r e a s e s , t h e v a r i a t i o n i n l o a d w i t h e c c e n t r i c i t y i n t h a t p o r t i o n i n c r e a s e s . T h i s i s a n o t i c e a b l e v a r i a t i o n ( r o u g h l y 200 N ) a t t h e
s h a f t f r e q u e n c y o f -104.29 r a d / s . A f t e r p a s s i n g t h r o u g h t h e l o a d r e d u c t i o n , t h e s l i d i n g and squeeze t e r m i n t h e Reynolds e q u a t i o n r e c o v e r s t o c o n t r i b u t e to t h e l o a d c a p a c l t y
. Another c o n t r i b u t i n g f a c t o r t o t h e l o a d c a p a c i t y i n t h e s e p a r a t i o n c y c l e i s t h e c a v i t a t i o n . T h i s can occur when t h e b u b b l e moves downstream f r o m t h e m i n i m u m -f i l m l i n e so t h a t i t p o s i t i o n s i t s e l f d i a m e t r i c a l l y o p p o s i t e t o t h e d i r e c t i o n a l load l i n e d e s c r i b e d by t h e a t t i t u d e a n g l e .
S R a d i a l and T a n g e n t i a l Loads F i g u r e 6 i l l u s t r a t e s how t h e s h a f t f r e q u e n c y can a f f e c t t h e dynamic l o a d i n g ( r a d i a l and t a n g e n t i a ) as a f u n c t i o n o f e c c e n t r i c i t y t h r o u g h one w h i r l o r b i t . Both t h e r a d i a l and t a n g e n t i a l l o a d s demonstrate a " h y s t e r e t i c -
response w i t h e c c e n t r i c i t y . T h i s e f f e c t i s a r e s u l t o f c a v i t a t i o n o c c u r r i n g t h r o u g h some p o r t i o n o f t h e c y c l e . [See R e f s . ( 2 ) and ( 7 ) . ]
O p e r a t i o n a t t h e d i f f e r e n t s h a f t f r e q u e n c y c o n d i t i o n s has a v e r y pronounced e f f e c t on t h e t a n g e n t i a l l o a d b u t o n l y a s l i g h t e f f e c t on t h e r a d i a l l o a d . A s t h e s h a f t frequency i s i n c r e a s e d , t h e t a n g e n t i a l l o a d p l o t s become l e s s h y s t e r e t i c (See F i g . 6 . ) i n n a t u r e . T h i s i s m a i n l y because t h e o n s e t o f c a v i t a t i o n has been d e l a y e d a t t h e h i g h e r s h a f t f r e q u e n c i e s . F u r t h e r , a t t h e end o f t h e squeeze c y c l e ( i . e . E = 0.8 i n t h i s s t u d y ) t h e t a n g e n t i a l l o a d
decreases as t h e s h a f t frequency i s i n c r e a s e d . T h i s i s because a t t h i s p a r t l c u l a r s t a g e i n t h e m o t i o n t h e c o n d i t i o n s f o r h a l f -f r e q u e n c y w h i r l a r e
e b e i n g approached f o r i n c r e a s i n g s h a f t f r e q u e n c y . When t h e c o n d i t h a l f -f r e q u e n c y w h l r l a r e met [ i . e . i n F i g . 6 ( c ) ] , t h e t a n g e n t i a l r a d i a l l o a d a r e i d e n t i c a l l y zero.
A t t i t u d e Angle ons f o r oad and
The e f f e c t o f t h e s h a f t frequency on r a d i a l and t a n g e n t i a l l o a d i s summarized i n t h e a t t i t u d e a n g l e . The v a r i a t i o n o f t h e a t t i t u d e a n g l e w i t h 
I n t h e damper case [ F l g . 7 ( a ) ] , t h e asymmetry i n t h e p l o t i s a g a i n a r e s u l t o f t h e c a v i t a t i o n p r e s e n t t h r o u g h o u t a p o r t i o n o f t h e w h i r l c y c l e . I n F i g . 7 ( b ) t h e d e l a y o f t h e o n s e t o f c a v i t a t i o n d i m i n l s h e s t h e asymmetry o f t h e p l o t .
A l s o , t h e magnitude o f t h e a t t i t u d e a n g l e remains small ( i . e . JI 5 30") t h r o u g h o u t most o f t h e c y c l e ( i . e . 0.15 5 E 5 0 . 7 9 ) . A t t h e end o f t h e squeeze c y c l e t h e s i g n i s changed, and i t v e r y q u i c k l y becomes s m a l l a g a i n f o r t h e remainder o f t h e w h l r l c y c l e . I n t h i s i n s t a n c e t h e e f f e c t o f t h e h i g h e r s h a f t f r e q u e n c y has been t o suppress t h e magnitude of t h e a t t i t u d e a n g l e t h r o u g h a l a r g e p o r t i o n o f t h e c y c l e .
B e a r i n g Torque
The v a r i a t i o n o f t h e b e a r i n g t o r q u e w i t h e c c e n t r i c i t y i s shown i n F i g . 8 f o r t h r e e d i f f e r e n t cases. 1-he b e a r i n g t o r q u e i s a measure o f t h e f o r c e r e q u i r e d t o overcome t h e f r i c t i o n f o r c e i n t h e f l u i d f i l m [See r e f . ( 2 ) ] . F o r t h e s q u e e z e -f i l m damper [ F i g . 8 ( a ) J , t h e b e a r i n g t o r q u e i s g e n e r a l l y h i g h e r t h r o u g h o u t t h e w h i r l o r b i t t h a n i n any o f t h e cases t h a t i n c l u d e d s h a f t s p i n .
A s t h e s h a f t f r e q u e n c y i n c r e a s e d , t h e r e s u l t a n t e f f e c t i v e s l i d i n g v e l o c i t y decreased ( F i g . 4 ) and, consequently, t h e amount o f shear i n t h e f l u i d . Note 
2.
D u r i n g s e p a r a t i o n ( i . e . , a h / a t > 0) i n c r e a s i n g s h a f t f r e q u e n c y r e s u l t s i n an a p p r e c i a b l e l o a d v a r i a t i o n w i t h d e c r e a s i n g e c c e n t r i c i t y .
T h i s i s a t t r i b u t a b l e t o t h e s i z e and l o c a t i o n o f t h e c a v i t a t i o n b u b b l e and t o t h e
r e c o v e r y o f t h e wedge and squeeze e f f e c t s .
3 . O p e r a t i o n a t t h e d l f f e r e n t s h a f t f r e q u e n c i e s has a v e r y pronounced e f f e c t on t a n g e n t i a l l o a d , b u t o n l y a s l i g h t e f f e c t on r a d i a l l o a d . C a v i t a t i o n i n c e p t i o n I C a v i t a t i o n d e s i n e n c e 
. A t t h e o i l -w h i p c o n d i t i o n i t was v e r i f i e d t h a t t h
